Bacillus subtilis LmrA and QdoR (formerly YxaF) are paralogous transcriptional regulators that repress their regulon comprising the lmrAB operon, the qdoR gene, and the qdoI-yxaH operon, by binding to the LmrA/QdoR boxes located in the promoter regions. Detachment of them followed by derepression of the target genes is induced by certain flavonoids. To identify the residues critical to the ligand response in QdoR, we selected eight residues based on structural information, produced eight single-mutated QdoRs in which each residue was replaced with alanine, and evaluated their capacities for DNA binding and the flavonoid response by gel retardation analysis. The three mutants, carrying the alanine substitution at Phe87, Trp131, or Phe135, showed features distinctly different from those of the wild type and from each other. We further examined the in vivo function of the mutant with alanine substitution at Trp131 by reporter assay. This largely supported the corresponding in vitro results. The in vitro and in vivo data suggest that Phe87, Trp131, and Phe135, forming a hydrophobic cluster in QdoR, play crucial roles in the DNA binding, flavonoid accommodation, and/or conformational change triggered by ligand binding.
The rhizosphere is the surface region of the soil that is directly influenced by root secretions and associated soil microorganisms. A large population of bacteria clusters in the rhizosphere, where it is able to feed on nutrients released from plant cells, including sugars, amino acids, and lipids. 1) In addition to nutrient materials, plant cells exude flavonoids, and hence the bacteria in the rhizosphere are exposed to considerable amounts of various flavonoids. Certain flavonoids have antibacterial activity, 2) and quercetin inhibits bacterial DNA gyrase, which induces DNA cleavage. 3) To avoid harmful effects, certain bacteria are equipped with a degradation system for flavonoids for detoxification. 4) A Gram-positive soil bacterium, Bacillus subtilis, possesses a quercetin 2,3-dioxygenase (EC 1.13.11.24) that converts quercetin to 2-protocatechuoyl-phloroglucinol carboxylic acid and carbon monoxide. 5) Our recent study revealed that this enzyme is also able to convert other flavonols, such as fisetin, tamarixetin, and galangin, to the corresponding depsides by a similar C-ring cleavage reaction, although its catalytic activity toward fisetin is relatively low. 6) To date, several quercetin 2,3-dioxygenases have been isolated from bacteria and fungi. 7, 8) Thus, they appear to be widely distributed and to play major roles in flavonol degradation in many soil microorganisms.
In B. subtilis, quercetin 2,3-dioxygenase is encoded by qdoI (formerly yxaG), which comprises an operon with the yxaH gene encoding a membrane protein of unknown function. 5, 9) Our previous study indicated that the qdoI-yxaH operon is repressed by two paralogous transcriptional regulators, LmrA and QdoR (renamed YxaF in the present study), in response to certain flavonoids (Fig. 1A) . 10) LmrA and QdoR similarly recognize and bind to two cis-sequences (LmrA/QdoR boxes; LmrA/YxaF boxes renamed in the present study) located tandemly in the qdoI promoter region. The binding of these two repressors is inhibited efficiently and distinctly by flavonoids (quercetin, fisetin, tamarixetin, galangin, and (þ)-catechin), and thus transcription is induced. The lmrA gene is the first gene in the lmrAB operon, whereas the product of the second gene, lmrB, is a member of a major facilitator superfamily involved in resistance to several drugs, including lincomycin and puromycin.
11) The qdoR gene is located immediately upstream of the qdoI-yxaH operon and is oriented in the same direction as qdoI-yxaH. 9) LmrA and QdoR also regulate the lmrAB operon and the qdoR gene, binding to and becoming detached from the respective single LmrA/QdoR boxes in their promoter regions, as in the case of qdoI-yxaH (Fig. 1A) . 10) These four LmrA/QdoR boxes are modestly conserved (AWTATAtagaNYGgTCTA, where W, Y, and N stand for A or T, C or T, and any base respectively, and lower-case letters stand for a 3-out-of-4 match). Although the binding of both regulators to the LmrA/ QdoR boxes is inhibited by several flavonoids, they show considerably different responsive properties, which depend not only on the regulator type but also on the target DNA sequence. 10) Quercetin and fisetin effectively inhibit the binding of both regulators to the lmrA-and the qdoI-promoter regions including the single-and the tandem-LmrA/QdoR boxes respectively, whereas (þ)-catechin has a inhibitory effect only on LmrA binding to the promoters, and it does not affect QdoR binding. Moreover, in the in vitro DNA binding experiment, QdoR was readily released from the lmrA promoter region by tamarixetin and galangin, but these flavonoids did not release QdoR from the qdoI promoter region, suggesting that their inhibitory effect also depends on the higher-order architecture of the regulator-DNA complex, but the molecular mechanism by which each regulator interacts with the respective flavonoid ligand to change its conformation for dissociation from the target DNA has not been elucidated.
LmrA and QdoR belong to the TetR family of bacterial transcriptional factors, known typically to possess two functional domains, a highly-conserved N-terminal DNA binding domain and a less-conserved C-terminal domain functioning in both dimerization and effector binding. 12) In a previous study, the crystal structure of the QdoR protein was determined. It forms a dimer structure in which the C-terminal domains are associated with each other, and possesses the helix-turn-helix (HTH) motif, probably constituting the core of the DNA binding domain, in the N-terminal region (Fig. 2) , 13) which is significantly homologous to that of LmrA. 10) In this study, based on structural information on QdoR and other transcriptional regulators belonging to the TetR family, eight residues were selected as possibly critical to the ligand response in QdoR. To confirm the significance of these residues, we produced eight mutated QdoRs in which each of the residues was replaced by alanine, and the DNA binding affinity of these single mutants and their sensitivity toward various flavonoids were evaluated by in vitro gel retardation and compared with those of wild-type QdoR. The three mutants, QdoR-F87A, -W131A, and -F135A, in which alanine substitution was introduced into Phe87, Trp131, and Phe135 respectively, showed features distinctly different from those of wildtype QdoR and from each other, suggesting the roles of these residues in the DNA binding and flavonoid response of QdoR. We further examined the in vivo function of QdoR-W131A by reporter assay using a B. subtilis strain carrying qdoI-promoter-lacZ fusion and the gene encoding QdoR-W131A. The in vivo results were fundamentally consistent with the corresponding data obtained by in vitro analysis.
Materials and Methods
B. subtilis strains and their construction and cultivation. The B. subtilis strains used in this study are listed in Table 1 . B. subtilis strain 168 was used as the standard strain. Strain FU899, carrying the A, Organization of the LmrA/QdoR regulon. The five gene members of the regulon are indicated by thick arrows, and three promoters and three hairpin structures, probably functioning as &-independent transcription terminators, are indicated by bent arrows and stem loops respectively. The LmrA and QdoR proteins, forming a dimer (two ovals), bind to the four LmrA/QdoR boxes (cross-hatched boxes) located in the promoter regions repressing the regulon members. The binding of LmrA and QdoR to the LmrA/ QdoR boxes is inhibited by certain flavonoids (small circles), which leads to derepression of the regulon members. The qdoI gene, one of the LmrA/QdoR regulon members, encodes quercetin 2,3-dioxygenase, which forms a dimer (two ovals) 28) and catalyzes the C-ring cleavage of flavonols, as illustrated. B, Organization of the construct for evaluating the qdoI promoter activity controlled by the wild-type and the mutated QdoR in vivo. The DNA fragment covering the qdoR promoter and the wild-type or mutated qdoR gene and the qdoI promoter fused to the lacZ gene was integrated into the amyE locus of the B. subtilis strain, in which endogenous lmrA and qdoR had been inactivated. The qdoR and lacZ genes and the chloramphenicol acetyltransferase gene (cat) for a selection marker are indicated by thick arrows. Three promoters and three hairpin structures are indicated by bent arrows and stem loops respectively. The wild-type and the mutated QdoR (two ovals), produced by the expression of the ectopically introduced gene, represses the lacZ gene by binding to the LmrA/QdoR boxes (cross-hatched boxes) in the qdoI promoter region, which can be derepressed in the presence of certain flavonoids (small circles). Previous crystallographic analysis revealed that QdoR forms a homodimer (PDB ID, 1SGM). 13) One subunit is depicted by ribbons, where the N-terminal domain for DNA binding and the C-terminal domain for dimerization are pink and pale blue respectively, and the other subunit is depicted by a wire-frame. The eight residues into which the alanine substitution was introduced in this study are depicted by sticks. The three aromatic residues found to be important to the QdoR function are presented in orange, and the other five residues, whose replacement with alanine did not significantly affect the QdoR function, are presented in dark green.
endogenous lmrA and qdoR genes inactivated by the two point mutations and insertion of the chloramphenicol-resistance cassette respectively, 10) was transformed with plasmid pCm::Tc 14) to change chloramphenicol resistance to tetracycline resistance (10 mg/mL), yielding strain FU1078.
Strain FU1079 was constructed by ectopically introducing the wildtype qdoR gene including its promoter region (bases À67 to þ36) and the qdoI promoter region (bases À62 to þ18) (þ1, transcription start base) fused to the lacZ-reporter gene into strain FU1078. The DNA fragment covering the qdoR promoter and the qdoR gene and the qdoI promoter was amplified by PCR using ExTaq DNA polymerase (Takara Bio, Ohtsu, Japan), genomic DNA of strain 168 as template, and primer pair PqdoR SpeI F/PqdoI BamHI R (Table 2), followed by trimming with SpeI and BamHI digestion. It was then cloned into the pCRE-test2 vector 15) that had been treated with XbaI and BamHI. Correct construction was confirmed by DNA sequencing. The resulting plasmids was linearized by PstI digestion and then integrated into the amyE locus of strain FU1078 through double-crossover transformation to obtain chloramphenicol resistance, which resulted in strain FU1079 (Fig. 1B and Table 1 ).
To produce strain FU1080 carrying the same lacZ-reporter construct, except that the introduced qdoR gene was mutated to replace Trp131 with alanine, a two-step overlapping PCR method was employed, as follows: 16) A DNA fragment corresponding to the qdoR promoter region (bases À67 to þ36) and the 5 0 -part of qdoR was amplified using ExTaq DNA polymerase, genomic DNA of strain 168 as template, and primer pair PqdoR SpeI F/W131A R (Table 2) . Similarly, a DNA fragment corresponding to the 3 0 -part of qdoR and the qdoI promoter region (bases À62 to þ18) was amplified using primer pair W131A F/PqdoI BamHI R ( Table 2 ). These mutationintroduced PCR products were mixed in a reaction mixture containing ExTaq DNA polymerase and deoxynucleside triphosphates without any primer oligonucleotide, and then denaturation, annealing, and extension reactions were carried out to combine the two fragments. The resulting fragment was amplified by PCR using the fragment itself as template and primer pair PqdoR SpeI F/PqdoI BamHI R, trimmed by SpeI and BamHI digestion, and then cloned into the pCRE-test2 vector that had been treated with XbaI and BamHI. After confirmation of correct construction by DNA sequencing, the resulting plasmid was used in the double-crossover transformation of strain FU1078, as reported above. This resulted in strain FU1080 (Fig. 1B and Table 1 ).
B. subtilis cells were pre-grown on a tryptose blood agar base (Becton Dickinson, Sparks, MD, USA) supplemented with 0.18% glucose (TBABG) plates containing chloramphenicol (5 mg/mL) and tetracycline (10 mg/mL) at 30 C overnight. The cells were inoculated into Luria-Bertani (LB) medium 17) to an optical density at 600 nm (OD 600 ) of 0.05, and then incubated at 37 C with shaking.
Preparation of wild-type and mutated QdoR proteins. Plasmid pETyxaF, designed for overexpression of the wild-type QdoR protein in Escherichia coli cells, was constructed previously. 10) In the course of this construction, the wild-type qdoR gene was cloned into a pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA, USA) to produce plasmid pCR-yxaF. Site-directed mutagenesis was introduced into the qdoR gene by a two-step overlapping PCR method, as follows:
16) The 5 0 -parts of qdoR were amplified using ExTaq DNA polymerase with pCRyxaF DNA as template, oligonucleotide M13 Rev(þ4) as forward primer, and oligonucleotides D75A R, F87A R, W131A R, F135A R, R137A R, K138A R, L139A R, and E141A R as the respective reverse primers (Table 2) . Similarly, the 3 0 -parts of qdoR were amplified using oligonucleotides D75A F, F87A F, W131A F, F135A F, R137A F, K138A F, L139A F, and E141A F as the respective forward primers and oligonucleotide M13 Fwd(À20 þ 5) as reverse primer (Table 2) . Each pair of mutation-introduced PCR products was mixed in a reaction mixture containing ExTaq DNA polymerase and deoxynucleside triphosphates without any primer oligonucleotide. Then, denaturation, annealing, and extension reactions were carried out to combine the two fragments. Nested PCR with the resulting fragments as templates and primer pair yxaFN/yxaFB (Table 2 ) was performed to amplify the full length of the various mutated qdoRs, which were then cloned into the pCR2.1-TOPO vector. After confirmation of correct mutation by DNA sequencing, the mutated qdoRs were excised by NdeI and BamHI digestion and then ligated with a pET-22b(þ) vector (Merck, Darmstadt, Germany) that had been treated with the same restriction enzymes, to yield plasmids pET-qdoR(D75A), pET-qdoR(F87A), pET-qdoR(W131A), pET-qdoR(F135A), pETqdoR(R137A), pET-qdoR(K138A), pET-qdoR(L139A), and pETqdoR(E141A) for overexpression of the mutated QdoRs carrying single alanine-substitutions at Asp75, Phe87, Trp131, Phe135, Arg137, Lys138, Leu139, and Glu141 (QdoR-D75A, -F87A, -W131A, -F135A, -R137A, -K138A, -L139A, and -E141A) respectively.
Cells of E. coli strain BL21(DE3) (Merck), transformed with each of the pET-22b(þ)-based expression plasmids, were grown in LB medium supplemented with ampicillin (50 mg/mL) at 37 C to an OD 600 of 0.4. After isopropyl--D-thiogalactopyranoside was added to a final concentration of 1 mM, the cells were cultivated for another 3 h. The cells, harvested from 50 mL of the culture, were washed with buffer A (20 mM Tris-Cl buffer pH 8.0 containing 10% v/v glycerol, 0.1 mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol), resuspended in 5 mL of buffer A, and disrupted by sonication. After centrifugation (17;000 Â g, 4 C, 20 min) and filtration (0.45 mm), the supernatants were recovered and dialyzed against buffer A and then 
The restriction enzyme sites are underlined and the mismatch bases are indicated in bold. b These primers were used in the previous study. 10) used in gel retardation analysis, as reported below. The protein concentration of each lysate was measured by the method of Bradford, with bovine serum albumin as standard, 18) and the content of the wildtype or mutated QdoR protein in the lysate was evaluated by SDSpolyacrylamide gel electrophoresis (PAGE) with Coomassie Brilliant Blue staining.
Gel retardation analysis. Gel retardation analysis was performed as described previously. 10, 19) The PlmrA and PqdoI probes, which correspond to the lmrA promoter region (bases À120 to þ118) and the qdoI promoter region (bases À81 to þ90) respectively, were labeled by PCR in the presence of [-32 P]dCTP (MP Biomedicals, Solon, OH, USA) with genomic DNA of B. subtilis strain 168 as template and primer pairs MK1/MK2 and PyxaG1/PyxaG2 (Table 2) . Each labeled probe (0.02 pmol) was mixed and incubated at 30 C for 10 min with various amounts of the wild-type or the mutated QdoR protein in 25 mL of the reaction mixture, and then the mixture was subjected to PAGE. To evaluate the inhibitory effects of the various flavonoids on DNA binding of the wild-type and mutated QdoR proteins, 1 mL of various concentrations of flavonoid dissolved in dimethyl sulfoxide (DMSO) was added to the reaction mixture, which was similarly incubated and electrophoresed.
Reporter assay to monitor the qdoI promoter controlled by the wildtype and the mutated QdoR. Cells of B. subtilis strains FU1079 and FU1080 were grown in 50 mL of LB medium at 37 C with shaking. When OD 600 reached 0.2, the various flavonoids dissolved in DMSO were added to the medium to give a final concentration of 200 mg/mL, corresponding to 0.6, 0.7, 0.6, 0.7, 0.7, 0.8, 0.7, and 0.6 mM for quercetin, fisetin, tamrixetin, galangin, genistein, daidzein, coumestrol, and (þ)-catechin respectively. As a control, 200 mL of DMSO was added instead of the flavonoid solution. One-mL aliquots of the culture were then withdrawn at intervals of 1 h, and the -galactosidase (-Gal) activity in the crude cell extracts was spectrophotometrically measured using o-nitrophenyl--D-galactopyranoside (Wako Pure Chemicals Industries, Osaka, Japan) as substrate, following a procedure described previously. 10, 20) To reduce the chromatic disturbance of the -Gal assay by the flavonoid adhering to the cells, the collected cells were washed with 100 mM phosphate buffer (pH 7.5) before lysozyme treatment.
Flavonoids. Quercetin, fisetin, genistein, daidzein, and (þ)-catechin were purchased from Sigma (St. Louis, MO, USA). Tamarixetin and galangin from Extrasynthese (Lyon, France), and coumestrol was from Fluka (Milwaukee, WI, USA).
Results

Search for the amino acid residues involved in the ligand response in QdoR
According to the crystal structure of QdoR, determined in a previous study, it forms a dimer structure in which the C-terminal domains are associated with each other, and it possesses the HTH motif, probably constituting the core of the DNA binding domain, in the N-terminal region (Fig. 2) . 13) QdoR shows a structural similarity to other members of the TetR family, Staphylococcus aureus QacR 21) and E. coli TetR, 22) whose crystal structures had been determined to be a protein-ligand complex, and thus their ligand-binding sites were clearly identified. Structural comparison of QdoR with QacR and TetR suggested that the putative ligand-binding pocket in QdoR is composed of residues from helices H5 (residues 51-75), H8 (residues 118-142), and H9 (residues 146-170), which form a narrow tunnel-like region. This tunnel is predominantly lined by hydrophobic residues, but it is known that some charged residues play important roles in the ligand response by making a hydrogen bond with the ligand and breaking a preformed hydrogen bond with an opposite charged residue, which triggers a change in the protein conformation. We assumed that charged residues situated at the entrance to the putative ligand-accommodating tunnel in QdoR play such a role. Four charged residues, Asp75, Arg137, Lys138, and Glu141, were selected as possibly critical to the response to ligand flavonoid binding (Fig. 2) . Superposition of six QacR-cationic lipophilic ligand complexes (QacR-rhodamine 6G, -ethidium, -dequalinium, -crystal violet, -malachite green, and -berberine) with QdoR suggested that the ligand molecule binds to QdoR in a manner similar to QacR, because the tunnels for ligand binding appear to be conserved. 21) In particular, the conserved aromatic/hydrophobic sidechains of Trp131, Phe87, Phe135, Ile84, Leu139, Met165, and Cys124 form a hydrophobic cluster in the putative ligand-binding pocket of QdoR. In addition, superposition of the TetR-tetracycline complex with QdoR indicates that tetracycline occupies an analogous hydrophobic region. 22) Hence, we speculated that the ligand flavonoid hydrophobically interacts with the residues forming the hydrophobic cluster, and we selected Phe87, Trp131, Phe135, and Leu139 as critical to interaction with the ligand (Fig. 2) .
To evaluate the contribution of these eight residues (Asp75, Phe87, Trp131, Phe135, Arg137, Lys138, Leu139, and Glu141) to the ligand response, mutated QdoR proteins with the alanine substitution at each of the residues were produced. The mutated qdoR genes constructed by the PCR method, as well as the wild-type gene, 10) were expressed in E. coli cells. The expression levels of the recombinant proteins were comparable (17-25% of total protein) as judged by SDS-PAGE of the crude lysates, from which small molecules derived from the host cells had been removed by dialysis (Fig. 3) .
Binding affinity of mutated QdoRs toward LmrA/ QdoR boxes
The DNA binding affinity of the wild-type and the mutated QdoRs was quantified by gel retardation using crude lysates prepared as described above and two DNA probes (PlmrA and PqdoI probes), corresponding to the lmrA-and the qdoI-promoter regions (bases À120 to þ118 and bases À81 to þ90), where the concentration of the DNA probes was fixed at 0.8 nM.
The wild-type QdoR specifically bound to the PlmrA and PqdoI probes, which resulted in retarded bands depending on the protein amount as detected by PAGE (Fig. 4) . Because the PqdoI probe includes the two LmrA/QdoR boxes, stepwise retardation was observed by successive binding of two molecules of the wild-type QdoR to these two boxes. Based on the content of the wild-type QdoR protein in the lysate, the apparent dissociation constants (K d ) for wild-type QdoR binding to the PlmrA and PqdoI probes were estimated to be 9 and 1 nM respectively as a dimer (Table 3) , almost the same values as determined previously. 10) On the other hand, out of the eight mutants, QdoR-F87A and QdoR-W131A bound to the two DNA probes with lower affinity than the wild type did (Fig. 4) . The K d values for QdoR-F87A binding to the PlmrA and PqdoI probes were estimated to be 170 and 8 nM respectively, and those for QdoR-W131A to the two probes, 180 and 5 nM respectively (Table 3) . These results strongly suggest that Phe87 and Trp131 are key residues for maintenance of DNA binding affinity of QdoR. Unlike the wild-type QdoR, smeared retarded bands were observed when these mutants were used at concentrations around their K d values, implying a difference in the higher-order architecture of the protein-DNA complex between the wild-type QdoR and the mutants. The other six mutants showed no obvious difference in DNA binding affinity from the wild-type QdoR (the K d values are presented in Table 3 ).
Evaluation of the inhibitory effects of various flavonoids on the DNA binding of mutated QdoRs in vitro
To determine whether certain flavonoids have inhibitory effects on the DNA binding of the mutated QdoRs as those affect wild-type QdoR, gel retardation analysis was performed at a protein concentration of 15 mg/mL, which corresponds to 60-89 nM of the mutated QdoRs as a dimer. This protein concentration is sufficient to cause complete retardation of 0.8 nM of the PlmrA and PqdoI probes under the flavonoid-free condition, except for the binding of QdoR-F87A and QdoR-W131A to the PlmrA probe (Fig. 4) . Hence, these combinations were excluded from the experiment. Four flavonols (quercetin, fisetin, tamarixetin, and galangin), three isoflavones (genistein, daidzein, and coumestrol), and (þ)-catechin were added at 10 mM to the binding reaction mixture, and after incubation the mixtures were subjected to PAGE.
When the wild-type QdoR protein was used, binding of it to the PqdoI probe was completely inhibited by quercetin and fisetin and partially inhibited by galangin and genistein at 10 mM (Fig. 5) , whereas binding to the PlmrA probe was completely inhibited by quercetin, fisetin, tamarixetin, and galangin and partially inhibited by genistein and coumestrol at 10 mM (data not shown). Daidzein and (þ)-catechin exerted no inhibitory effect on wild-type QdoR binding to either DNA probe. These results are consistent with those reported previously. 10) On the other hand, binding of QdoR-F87A to the PqdoI probe was inhibited by none of the flavonoids tested at 10 mM, and binding of QdoR-F135A to the PqdoI probe was partially inhibited only by genistein, and not by the other flavonoids, including quercetin and fisetin (Fig. 5) . This indicates that the two mutants QdoR-F87A and QdoR-F135A are tolerant of the original inducer flavonoids, including quercetin and fisetin, and that Phe87 and Phe135 are essential for the wild-type QdoR to respond to these flavonoids. The combination of QdoR-F135A and the PlmrA probe showed no clear difference in flavonoid response from the combination of wild-type QdoR and the PlmrA probe (data not QdoRs. 32 P-labeled DNA probes corresponding to the lmrA and qdoI promoter regions (PlmrA and PqdoI) (0.8 nM) were incubated with wild-type and mutated QdoR crude lysates respectively, and then subjected to PAGE. Each lysate was diluted stepwise 2-fold, and an aliquot of each dilution was added to the binding reaction mixture (25 mL) to the concentration used, which was calculated as a dimer from the molecular mass of the wild-type or mutated QdoR protein and its content percentage in total protein, as estimated by the SDS-PAGE (Fig. 3) . Wild type, wild-type QdoR; F87A, QdoR-F87A; W131A, QdoR-W131A; no protein, no crude lysate addition to the mixture. The experiments were repeated at least 2 times, and representative results are shown. a These results were obtained in the experiments involving gel retardation, performed as described in the legend to Fig. 4 , in which the results for wildtype QdoR, QdoR-F87A, and QdoR-W131A are shown. The concentration of each DNA probe was fixed at 0.8 nM, and apparent K d values were calculated as dimers from the molecular mass of each protein and its content in total protein as estimated by the SDS-PAGE (Fig. 3 ).
shown), suggesting that the configuration of QdoR associated with the different LmrA/QdoR boxes is also a significant factor in its flavonoid response. Notably, when the combination of QdoR-W131A and the PqdoI probe was examined, DNA binding was partially inhibited by all eight of the flavonoids tested (Fig. 5) . The five mutants other than the three described above showed a flavonoid-response pattern indistinguishable from that of wild-type QdoR (data not shown). We further characterized QdoR-W131A by quantitative analysis of the inhibitory effects of the flavonoids on QdoR-W131A binding to the PqdoI probe. The binding reaction mixture, containing 89 nM of the QdoR-W131A dimer (15 mg/mL of total protein) and 0.8 nM the PqdoI probe, was incubated in the presence of a series of concentrations of flavonoids (9.8 mM to 10 mM), and then subjected to PAGE. The results were compared with those obtained using wild-type QdoR at 71 nM as a dimer (15 mg/mL of total protein). As shown in Fig. 6 and Table 4 , binding of the wild-type QdoR to the PqdoI probe was effectively inhibited by quercetin and fisetin, inhibited moderately by galangin, and inhibited slightly by genistein, but was not inhibited by tamarixetin, daidzein, coumestrol, or (þ)-catechin. The apparent inhibition constant (K i ) was estimated to be 0.31, 0.31, 5.0, and 7.5 mM for quercetin, fisetin, galangin, and genistein respectively. These results are almost the same as those reported previously. 10) In contrast, the binding of QdoR-W131A to the PqdoI probe was inhibited by all eight of the flavonoids tested, whose manners of inhibition appeared considerably different from those of the wild-type QdoR (Fig. 6 and Table 4 ). Although quercetin and fisetin caused compete dissociation of the wild-type QdoR-DNA complex, they weakly affected the binding of QdoR-W131A to the PqdoI probe. As for quercetin, complete release was not observed even at 10 mM. When tamarixetin, galangin, genistein, and (þ)-catechin were tested for their effects on the binding of QdoR-W131A to the PqdoI probe, an inhibitory pattern similar to that obtained with quercetin was observed, indicating that these flavonoids also did not to cause complete dissociation of the complex of QdoR-W131A and the PqdoI probe. When daidzein was tested, it showed an inhibitory pattern similar to that obtained with fisetin. The K i values for fisetin and daidzein were roughly estimated to be 7.0 and 8.0 mM respectively. Coumestrol was the most effective of the eight flavonoids tested in the binding of QdoR-W131A to the PqdoI probe, and its K i value was estimated to be 0.12 mM. Of these flavonoids, tamarixetin, daidzein, coumestrol, and (þ)-catechin had no effect on the binding of the wild-type QdoR to the PqdoI probe. This indicates that the alanine substitution at Trp131 not only reduced sensitivity toward the inducer flavonoids, but also exhibited expansion of the inducer specificity of QdoR. As described above, the alanine substitution at Trp131 also affected the DNA binding affinity of QdoR (Fig. 4) . Thus, Trp131 is likely to play critical multiple roles in DNA binding and the ligand response. In the three-dimensional structure of QdoR, the three residues, mutagenesis into which resulted in alterations in DNA binding affinity and/or sensitivity and specificity toward the inducer flavonoids, are gathered to form part of the hydrophobic pocket (Fig. 2) . We assume that the inducer flavonoids are accommodated in this pocket, and that this triggers the conformational change of QdoR for dissociation from the target DNA.
Control of the qdoI promoter by QdoR-W131A in vivo To confirm that the properties of QdoR-W131A identified by in vitro analysis are reflected in vivo, we tried to monitor qdoI promoter activity under the control of QdoR-W131A in response to various flavonoids in B. subtilis cells. For this purpose, we constructed a B. subtilis strain carrying the DNA fragment covering the gene encoding QdoR-W131A with its promoter region and the qdoI regulatory region fused to the lacZ reporter, integrated into the amyE locus, against a background in which the endogenous lmrA and qdoR genes had been inactivated (strain FU1080) (Fig. 1B and Table 1) , and the -Gal activity of strain FU1080 grown in the presence of various flavonoids was measured. We also constructed a strain carrying the same construct, except that the mutated qdoR gene was replaced with the wild-type one (strain FU1079) (Fig. 1B and Table 1 ). The qdoI promoter activity regulated by the wild-type QdoR alone was similarly monitored. During the construction of these strains, we found one mismatch in the qdoR promoter sequence as to that reported previously (A to G at base À30), 23) in addition to those in the qdoR ORF found in our previous work. 10) This base replacement resulted in a perfect match of the À35 region of the qdoR promoter to that of the consensus '
A -dependent promoter (TTGACA, relevant G shown in bold). 24 ) The basal -Gal activity of strain FU1080 was definitely higher (4 nmol/min per OD on average) than that of strain FU1079 (0.1 nmol/min per OD on average) (Fig. 7) , indicating that the repression of the qdoI promoter by QdoR-W131A is weak, probably because QdoR-W131A does not very rigidly bind to the two LmrA/QdoR boxes in the qdoI promoter region as compared with wild-type QdoR. This is consistent with the lower binding affinity of QdoR-W131A to the PqdoI probe, corresponding to the qdoI promoter region, in vitro (Fig. 4 and Table 3 ).
When the induction activity of the eight flavonoids on the qdoI promoter repressed by wild-type QdoR was examined by measuring the -Gal activity of strain FU1079 exposed to a flavonoid at 200 mg/mL, quercetin, fisetin, and genistein significantly induced -Gal activity through the release of wild-type QdoR from the qdoI promoter ( Fig. 7 and Table 4 ). This is consistent with the results of in vitro analysis (Fig. 6 and Table 4) . Moreover, tamarixetin and coumestrol also clearly induced -Gal activity, whereas galangin did not (Table 4 ; the result for coumestrol is also shown in Fig. 7) . These in vivo results are inconsistent with the corresponding in vitro ones (Table 4 ; the result for coumestrol is also shown in Fig. 6 ). Although we cannot explain these discrepancies, we assume that galangin is scarcely incorporated into B. subtilis cells, and that the contradiction with respect to the behavior of tamarixetin and coumestrol is to be attributed to the in vivo concentration of QdoR, which might have been much lower than that used in the in vitro analysis. Although the concentration of QdoR in vivo is sufficient for complete repression of the qdoI promoter, the intracellular QdoR might easily be relieved from the tandem LmrA/QdoR boxes in the qdoI promoter by flavonoids, such as tamarixetin and coumestrol. These in vivo response profiles of lacZ expression, shown in Fig. 7 and Table 4 , are consistent with those reported previously.
10)
In vitro binding of QdoR-W131A to the PqdoI probe was inhibited by all eight of the flavonoids tested, in spite of their weak inhibitory effects (Fig. 6 and Table 4 ). We examined to determine whether these flavonoids induce the qdoI promoter repressed through QdoR-W131A by measuring -Gal activity in strain FU1080. Quercetin, fisetin, tamarixetin, and coumestrol significantly induced -Gal activity from the basal level, which is higher than that of FU1079, indicating that they are capable of effectively relieving QdoR-W131A loosely associated with the qdoI promoter region in strain FU1080 (Fig. 7 and Table 4 ). However, daidzein and (þ)-catechin only slightly induced the -Gal activity of strain FU1080, and galangin and genistein had no inducing effect. Rather, they reduced the -Gal activity of strain FU1080 below the basal level ( Fig. 7 and Table 4 ), as reproducibly observed. Although the mechanisms of the adverse effects of galangin and genistein on -Gal activity remain unclear, we speculate that these flavonoids were not sufficiently incorporated into the B. subtilis cells to cause full dissociation of QdoR-W131A from the qdoI promoter, which involves the intracellular concentration of flavonoids as well as the response sensitivity of QdoR-W131A toward the flavonoids. In sum, QdoR-W131A showed in vivo properties clearly different from those of the wild-type QdoR as to the following three points: First, repression of the qdoI promoter by QdoR-W131A was weak, probably due to the lower affinity of QdoR-W131A to the tandem LmrA/QdoR boxes in the qdoI promoter region. Second, intracellular QdoR-W131A did not respond to the addition of genistein to the culture, which resulted in a failure to induce -Gal activity in strain FU1080. This might have been due to in part impaired responsiveness of QdoR-W131A to genistein. Thirdly, although only slightly, intracellular QdoR-W131A responded to daidzein and (þ)-catechin, increasing -Gal activity in strain FU1080. This might involve the impaired responsiveness and the broad specificity of QdoR-W131A toward flavonoids. These in vivo features of QdoR-W131A are consistent with those found by the in vitro analysis (Figs. 6 and 7 and Table 4 ).
Discussion
Of the eight single-mutated QdoRs constructed in this study, the three mutants, QdoR-F87A, QdoR-W131A, and QdoR-F135A, showed characteristics distinct from those of the wild-type QdoR and from each other, as observed in the gel retardation analysis (Figs. 4, 5 , and 6 and Tables 3 and 4 ). Based on the in vitro characteristics of these mutants, we assumed essential roles of the replaced aromatic-residues in the DNA binding and ligand response of QdoR. QdoR-F87A and QdoR-W131A exhibited remarkably lower binding affinity to the PlmrA probe than the wild-type QdoR, whereas their binding affinities to the PqdoI probe were not significantly reduced by the mutations (Fig. 4 and Table 3 ). This suggests that the alanine substitution at Phe87 or Trp131 caused a configurational change of the Nterminal DNA binding domain, significantly affecting binding affinity to the PlmrA probe but not to the PqdoI probe. The three-dimensional structure of QdoR indicates that Phe87 and Trp131 are situated proximal to each other in the C-terminal part containing the domain for dimerization and are somewhat apart from the DNA binding domain (Fig. 2) . 13 ) Hence, we speculate that these alanine substitutions changed the distance or the angle between the two DNA binding domains without breaking their core structures, mainly composed of HTH motifs. Alternatively, it is also possible that Phe87 and Trp131 contribute to the stability of the dimer structure of QdoR, and that the alanine substitution at each of these residues might reduce the concentration of the active dimer in the lysate, which appeared as the decline in the DNA binding affinity of QdoR-F87A and QdoR-W131A.
In either case, the characteristics of QdoR-F87A and QdoR-W131A described above mean that as compared with the wild-type QdoR, the ratios of their binding affinities toward the PqdoI probe to those toward the PlmrA probe were more intense, that is, their specific affinities toward the PqdoI probe were elevated by the mutations.
While the binding of the wild-type QdoR to the PqdoI probe was efficiently canceled by specific flavonoids, including quercetin and fisetin, the binding of QdoR-F87A and QdoR-F135A to the PqdoI probe was not affected by those flavonoids even at 10 mM (Fig. 5) , indicating that the alanine substitutions at Phe87 and at Phe135 impaired the flavonoid responsiveness of QdoR. As for QdoR-F135A, it bound to the PlmrA probe with almost the same affinity as the wild-type QdoR (Table 3) , and its binding to the PlmrA probe showed an inhibitory pattern toward flavonoids similar to that of the wild-type QdoR (data not shown). On the other hand, the binding of QdoR-W131A to the PqdoI probe was inhibited considerably by coumestrol and partially by tamarixetin, daidzein, and (þ)-catechin, none of which had an inhibitory effect on the binding of the wild-type QdoR to the PqdoI probe, while the binding of QdoR-W131A to the PqdoI probe was not highly sensitive to quercetin and fisetin, which are effectively inhibitory flavonoids as to the binding of the wild-type QdoR to the PqdoI probe. This suggests that the expanded response specificity of QdoR-W131A is not simply attributed to its impaired DNA binding affinity ( Fig. 6 and Table 4 ).
These three aromatic residues, alteration of which affected the response property to flavonoids, are situated closely to each other in the QdoR structure, and hence are assumed to form a hydrophobic pocket accommodating the ligand flavonoids, or to function as a switching module triggering a conformational rearrangement for dissociation of the QdoR-DNA complex in response to ligand binding (Fig. 2) . It might be possible to produce various mutated QdoRs with unique response properties toward flavonoids by single or multiple replacements of these aromatic residues or the other residues around them with alanine or the other residues.
Phe87 and Trp131 of QdoR are conserved in LmrA, the QdoR homolog, and hence the corresponding residues, Phe86 and Trp130, are assumed to play similar roles in LmrA. 10) LmrA and QdoR were the first characterized flavonoid-responsive regulators in the genus Bacillus. 10) Recently we found that another B. subtilis regulator, YetL, belonging to the MarR family, also responds to flavonoids detaching from the target DNA with the flavonoid specificity different from those of LmrA and QdoR. 25) Besides these regulators, it has been reported that some bacterial transcriptional regulators recognize and respond to flavonoids. NodD regulators, which belong to the LysR family and control the transcription of the nod operons involved in the nodulation of Rhzobiales in response to flavonoid signals released by their leguminous hosts, have been characterized in detail, 26) but the domain structure of NodD accommodating the ligand flavonoid and its molecular mechanism for flavonoid recognition and response are not fully understood. It is plausible that the flavonoid-interacting domains in LmrA/QdoR, YetL, and NodD are structurally conserved. The data obtained in this study might be useful to identify the critical residues for the flavonoid response in YetL and NodD. Moreover, it was recently reported that the queD gene encoding quercetin 2,3-dioxygenase in Streptomyces sp. FLA is also induced by flavonoids, such as quercetin and rutin, and sequences similar to the LmrA/QdoR boxes have been found in the queD promoter region, 27) suggesting that a similar flavonoid-responsive system with a QdoR-like transcriptional regulator can be applied to queD regulation.
The in vivo data obtained by the -Gal reporter assay, reflecting the regulation of the qdoI promoter by the wild-type QdoR or QdoR-W131A in response to flavonoids, confirm the corresponding results of in vitro analysis, with a few exceptions, as described in detail in Results above. The reason for these discrepancies might be mainly the intracellular concentration of flavonoids and the response sensitivity of the regulator protein toward flavonoids. QdoR-W131A, which was afforded the broader flavonoid specificity compromising flavonoid sensitivity by the single substitution, cannot respond to inducer flavonoids unless they readily penetrate the cell membrane and accumulate in the cytosol in sufficient amounts to exceed the threshold for the regulator response to them. A mutated QdoR capable of responding to various flavonoids, produced by substituting the residues in the flavonoid-interacting domain assumed in this study, would be available as a novel biosensor to detect various flavonoids and related compounds, in such a way as to introduce its gene into the B. subtilis strain carrying a reporter-fusion construct similar to that used in this study. However, we must consider two factors: whether the mutated QdoR has sufficient sensitivity to respond to the target molecule at the intracellular concentration, and whether the target molecule is readily transported into the cells to reach a level exceeding the response threshold as determined by in vitro analysis.
